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ABSTRACT: Since 1999, the increased frequency of dry conditions over East Africa, particularly during the March–May
(MAM) season, has heightened concerns in a region already highly insecure about food. The underlyingmechanisms, however,
are still not yet fully understood. This article analyses a proxy for daily convection variations over a large region encompassing
East Africa and the whole Indian Ocean basin by applying a cluster analysis to more than 30 years of daily outgoing longwave
radiation (OLR). Focusing on the MAM season to investigate relationships with East African long rains, four recurrent
convection regimes associated with wet/dry conditions in East Africa are identified. Interestingly, all four regimes are related
to western/central Pacific sea surface temperatures (SSTs) and rainfall. Wet regimes are associated with cool and dry/warm
and wet conditions over the Maritime Continent (MC)/tropical Pacific east of the date line. Dry regimes exhibit opposite
SST/rainfall dipole patterns in the Pacific compared to wet regimes, with the Indian Ocean found to modulate impacts on
East African rainfall. Significant relationships between off-equatorial warming in the west Pacific and a more frequent dry
regime in May since 1998–1999 suggest an earlier onset of the monsoon and Somali jet, consistent with the recent abrupt
shift observed in East African long rains and their modulation at multi-decadal time scales of the Pacific.
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1. Introduction
Due to large topographical variations over the region, the
East African climate exhibits great spatial heterogene-
ity (Hession and Moore, 2011; Liebmann et al., 2012;
Lyon, 2014). The annual rainfall cycle is generally bimodal
across much of the region, where local climate is tightly
associated with the latitudinal migration of the Intertrop-
ical Convergence Zone (ITCZ). The ITCZ particularly
modulates the north-/south-east trades during the south-
ern/northern summer, respectively, resulting in two rainy
seasons phased with the transitions between the win-
ter and summer monsoons: the ‘short’ and ‘long’ rains,
with maximum rainfall from October to December (OND)
and from March to May (MAM), respectively. Most of
the agriculture is rainfed; thus, local populations are
vulnerable to climatic variations, making East Africa a
highly food-insecure region (Shukla et al., 2014). Indeed,
the recent failure of both the long and short rains in
2010–2011 (Lyon and DeWitt, 2012) resulted in severe
drought, contributing to a humanitarian crisis impact-
ing millions of people. To date, several investigations
have documented a recent decline in long rains since
1998–1999 (Lyon and DeWitt, 2012; Omondi et al., 2013;
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Pricope et al., 2013; Funk et al., 2014a) and even ear-
lier in some areas relying heavily on the MAM rainy
season (Verdin et al., 2005; Viste et al., 2011; Williams
and Funk, 2011; Omondi et al., 2013; Afifi et al., 2014;
Liebmann et al., 2014; Nicholson, 2014). Additional stud-
ies provide evidence that East African long rains shifted
abruptly through tropical Pacific SST forcing (Lyon and
DeWitt, 2012; Lyon, 2014; Yang et al., 2014), while a
recent warming trend in the Pacific warm pool has also
been associated with a stronger Walker circulation, driven
primarily by the tropical Pacific SST gradient (Funk et al.,
2014a; Hoell and Funk, 2014). Less is known, however, at
sub-seasonal time scales despite the need to better under-
stand rainfall processes and their variability (Camberlin
and Philippon, 2002; Camberlin and Okoola, 2003), espe-
cially in light of the recent drying observed. Berhane and
Zaitchik (2014), for instance, have identified sub-seasonal
associations between theMadden-Julian oscillation (MJO)
and East African long rains variability that could oper-
ate through diverse mechanisms, including modulations of
the Somali low-level jet and, at different lead times, illus-
trations of the potential for regional climate predictability
within the season.
Seasonal variations in East African rainfall have been
examined in several earlier studies, with associations iden-
tified with southwest Indian Ocean (IO) SSTs (Walker,
1990; Mason, 1995; Behera et al., 2005) and El Niño
Southern Oscillation (ENSO) (Beltrando, 1990; Beltrando
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and Camberlin, 1993; Goddard and Graham, 1999; Indeje
et al., 2000; Nicholson, 2015). The influence of ENSO
on East African short rains (in October–December or
OND) appears to be modulated by its control on IO
SSTs. Goddard and Graham (1999) report that when
low-level wind anomalies during El Niño/La Niña
events result in a warmer/cooler western IO, and thus
an anomalous zonal SST gradient across the IO basin,
rainfall is reduced/enhanced in the east and conversely
increased/decreased over the adjacent East African region
in the west. By contrast, less is known regarding ENSO
teleconnections during the long rains season (MAM)
(Ogallo, 1988; Ogallo et al., 1988; Hastenrath et al.,
1993; Philipps and McIntyre, 2000). Recently, however,
Liebmann et al. (2014) found substantial relationships
in SST-forced ECHAM5 simulations between the recent
March–May drying in East Africa and an increased SST
zonal gradient between the west and central Pacific. This
study reports that this has strengthened the convection
over the Maritime Continent (MC) and generated anoma-
lous westerlies over the equatorial IO, with associated
subsidence over the western equatorial IO.
At sub-seasonal time scales, there is limited evidence
of teleconnections between East African long rains and
ENSO (Mutai and Ward, 2000; Moron et al., 2013). Mutai
and Ward (2000) found some influence in May but not
in the prior March and April months, while Moron et al.
(2013) suggested a greater spatial coherence for March
than for April and May. In addition, Pohl and Camberlin
(2006a, 2006b) and, more recently, Berhane and Zaitchik
(2014) reported significant influences of the MJO on both
long and short rains, but with contrasted impacts between
highlands and coastal regions.
Despite recent advances regarding East African long
rains variability, the atmospheric mechanisms responsible
for the sub-seasonal development of rain-producing con-
vective systems over the region, as well as their variability
in both time and space, are not yet fully understood.
Regional convection is known to organize within the
Walker circulation, characterized by ascending/subsiding
branches over the MC/East Africa, respectively. In
this sense, convection variability over East Africa at
sub-seasonal time scales can be seen as part of a larger,
basin-wide pattern that we consider here by applying a
clustering of daily outgoing longwave radiation (OLR)
for a domain encompassing central, eastern and southern
Africa and the Indo-Pacific. Therefore, the main objec-
tive of this study is to characterize recurrent daily OLR
patterns over the larger East Africa–IO region in order
to examine the related atmospheric anomalies conducive
to such preferential regimes in relation to East African
rainfall in MAM. A second objective is to investigate
how sub-seasonal variability in convection is related to
inter-annual time scales and large-scale teleconnections to
further explain the recent long rains decline.
The paper outline is as follows. The method and data
are presented in Section 2. Results from the cluster anal-
ysis are discussed in Section 3, with their relationships to
rainfall and associated atmospheric circulation anomalies
presented in Section 4. Large-scale teleconnections are
examined in Section 5 alongside the recent abrupt shift
towards drier conditions in East Africa since 1999. Dis-
cussions and conclusions are summarized in Section 6.
2. Data and methods
2.1. Observations and atmospheric data
Tropical convection is examined using daily OLR (Lieb-
mann and Smith, 1996) produced by the National Oceanic
and Atmospheric Administration (NOAA) and available
on a regular 2.5∘ × 2.5∘ grid from 1979 to present.
Gridded daily rainfall estimates from the Climate Haz-
ards group InfraRed Precipitation, with a Station dataset
(CHIRPS) developed at the University of California at
Santa Barbara (UCSB) Climate Hazards Group (CHG) in
collaboration with the U.S. Geological Survey (USGS)
Earth Resources Observation and Science (EROS) cen-
tre, (Funk et al., 2014b, 2015b) are utilized for examin-
ing weather regime relationships to rainfall by composit-
ing. These land-only data are at a 0.05∘ spatial resolution
and provide daily rainfall information for the 1981–2012
period. Despite including satellite information, CHIRPS
is one of the few available datasets covering the whole
sub-continent at daily time scales that has data back from
the 1980s. A box extending over 10∘S–12∘N; 30∘–52∘E,
including land areas, is exclusively used to define an index
of East African rainfall for the MAM season (Figure 1).
This index is significantly correlated with grid point rain-
fall locally (according to Monte-Carlo simulations), thus
justifying its use to characterize rainfall variability for the
whole region (Figure 1). To place the recent evolution of
East African long rains in the context of the long-term
decline discussed in several studies (Funk et al., 2008,
2014a; Williams and Funk, 2011; Lyon and DeWitt, 2012;
Hoell and Funk, 2014; Lyon, 2014), precipitation esti-
mates from the Global Precipitation Climatology Center
(GPCC) version 6 at a half degree spatial resolution are
also averaged over the same East African box from 1901
to 2010. To this end, the later dataset is complemented with
the recently released Centennial Trends precipitation esti-
mates developed by scientists at UCSB and Florida State
University (FSU) and offers seasonal rainfall products over
a 0.1∘ grid covering 15∘S–18∘N; 28∘–54∘E from 1900
to 2014 (Funk et al., 2015a). In addition, the Global Pre-
cipitation Climatology Project (GPCP) version 2.2 (Adler
et al., 2003) dataset, offering monthly rainfall estimates at
2.5∘ × 2.5∘ spatial resolution from 1979 to present, is used
to build global composites for MAM seasons marked by
maximum/minimum number of occurrences of each con-
vection regime.
Daily atmospheric fields from the NCEP-DOE II
re-analyses (NCEP2 in the following), produced jointly
by the National Centers for Environmental Prediction
(NCEP) and the U.S. Department Of Energy (DOE), at a
2.5∘ × 2.5∘ horizontal resolution (Kanamitsu et al., 2002),
are used to examine relevant atmospheric circulation
features over the 1979–2013 period. Moisture fluxes from
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Figure 1. Correlation between MAM East Africa rainfall index averaged over 10∘S–12∘N; 30∘–52∘E] (black box) and grid-point precipitation from
CHIRPS dataset for the 1981–2012 period. The scores presented are significant at the 95% confidence level using Monte-Carlo simulations.
the re-analyses were computed following earlier studies
(Vigaud et al., 2007, 2009). At a given level, the horizontal





−→v lvl are the specific humidity and horizontal
velocities at a given tropospheric level, respectively. Con-
sequently, moisture flux convergence is calculated from
the zonal and meridional moisture flux components. At
monthly or seasonal time scales, temporal variations of
precipitable water in a given volume can be considered
small, leading to the following approximation (Peixoto and
Oort, 1992)
−div−→Q = P − E (2)
When integrated over the whole air column, water
vapour convergence is associated with an excess in pre-
cipitation (P) over evaporation (E), while the reverse is
associated with divergence.
The relationships between each identified convection
regime and sea surface temperatures (SSTs) in the different
oceanic basins are assessed using the NOAA Optimum
Interpolation SST version 2 (OISST) dataset consisting
of daily values at a quarter of a degree spatial resolution,
which where aggregated to the MAM season from 1982 to
2009 (Reynolds et al., 2007).
2.2. Dynamical clustering approach
In this paper, convective activity is examined by identi-
fying recurrent spatial patterns using a methodology that
has been previously applied successfully to the south-
ern African region (Fauchereau et al., 2009; Vigaud et al.,
2012). Daily OLR anomalies (obtained by subtracting the
mean annual cycle) are input into an objective classi-
fication scheme that makes use of k−means clustering
(Michelangeli et al., 1995; Cheng andWallace, 2003) over
the domain 40∘S–30∘N; 0∘–120∘E, encompassing central,
eastern and southern Africa as well as the Indo-Pacific.
Using such a design, to which the sensitivity of the results
have been tested, the approach presented here aims to iden-
tify convection regimes prevailing broadly over the IO
and neighbouring regions such as East Africa, where their
impact on local rainfall will ultimately be examined. An
EOF analysis is first performed on the data correlation
matrix, and the first 11 PCs, explaining 27.6% of the vari-
ance, are retained. Although the results are not dependent
on the percentage of variance retained (Fauchereau et al.,
2009), a third of the total variance is a significant amount
when compared to the large size of the study domain
stretching across the entire IO and ensures that this decom-
position succeeded in separating the signal in large-scale
patterns from the background noise. The Euclidean dis-
tance is then used to measure similarities between daily
OLRpatterns and a given regime. The robustness of regime
partitions is tested following previous studies (Michelan-
geli et al., 1995;Moron and Plaut, 2003; Fauchereau et al.,
2009; Vigaud et al., 2012); 100 different partitions of daily
OLR anomaly patterns are performed, each time with a
different randomly drawn initialization. A measure of the
dependence between the final partition on the initial ran-
dom draw consists of comparing several final partitions for
a given number of regimes k. The average similarity within
the 100 sets of regimes is then measured by a classifiability
index (Cheng andWallace, 2003), which evaluates the sim-
ilarity within the 100 sets of regimes (i.e. its value would
be exactly 1 if all the partitions were identical), and is com-
pared to confidence limits from a red-noise test (applied to
Markov-generated red-noise data) based on 100 samples of
the same length, providing 100 values of the classifiability
index. The operation is repeated for k, varying from 2 to 10.
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Figure 2. Classifiability index as a function of the number of regimes k (boxes). The 95% level of significance (dashed line) is computed according
to a first-order Markov process.
Results from composites related to each daily OLR
regime are tested at the 95% confidence level using a
Student’s t-test.
3. Daily OLR regimes over East Africa and the
Indian Ocean
To identify daily convection regimes during the long
rains over the 1980–2013 period, k−means clustering is
applied to MAM NOAA daily OLR anomalies following
themethodology described in Section 2.2. The correspond-
ing k−means classifiability index (Figure 2) exhibits a sig-
nificant peak for k= 4, while larger numbers of regimes are
not statistically significant. Therefore, the partition of the
four regimes is chosen as the one giving the most compact
summary.
MAM daily OLR anomaly patterns associated with the
four regimes identified are presented in Figure 3. The first
four classes are characterized by different patterns of max-
imum OLR anomalies. During regime 1, convection is
increased over East Africa and along a band stretching
southeastward towards Australia. Convection is reduced
over the MC. Regime 2 is also characterized by an over-
all increase of convection over East Africa and much of
the continental interior. Decreased convection is seen over
the eastern IO. During regime 3, convection is somewhat
reduced over East Africa, with significant OLR anomalies
but weak in magnitude, and are enhanced over the east-
ern IO, showing stronger anomalies of the opposite sign.
Finally, regime 4 displays a more pronounced reduction
of convection over East Africa, while it is enhanced over
the west Pacific. Overall, regime 1 (4) represents the most
(least) convective conditions over East Africa.
The number of transitions between the four OLR regimes
over the full analysis period is provided in Table 1. The
highest values are found along the diagonal, suggesting
the persistence of each regime at daily time scale. Con-
sistently, no significant relationship is found between the
different regimes, supporting the idea that these classes
are independent and have no preferential sequence. As
indicated by the low variations of percentages along the
diagonal, there is not a large difference in the mean persis-
tence of each regime, that is, about 3, 4, 4.5 and 3.75 days
for regimes 1, 2, 3 and 4 respectively. However, there
is a substantial spread in the duration of their respective
episodes, an aspect which is discussed later in Section 5.1
at inter-annual time scales (see Figure 9).
The number of occurrences of each regime is broken
down bymonth in Table 2. Overall, regime 1 tends to occur
throughout the entire season but shows maximum occur-
rences in April. Regime 2 occurs preferably during the
first half of the season, with the highest number of occur-
rences in March. Regimes 3 and 4 are both characterized
by a maximum number of occurrences in May and out-
number regimes 1 and 2 every month. The MAM period
thus appears to be dominated by OLR regimes that are
not favourable to convection processes over East Africa,
a result consistent with the climatologically divergent flow
over the region (Yang et al., 2014). By contrast, regime 2,
and to a lesser extent regime 1, corresponds to conditions
favourable to the development of rainfall-producing sys-
tems during the long rains.
4. Relationships to East African long rains and
associated dynamics
The relationships between daily OLR regimes and East
African rainfall are examined through composites of
rainfall anomalies from CHIRPS, as presented in Figure 4.
The rainfall anomaly patterns for regimes 1, 2 and 4 are
statistically significant and spatially coherent, much less
so for regime 3. NOAA OLR comes from polar-orbiting
satellites, while CHIRPS rainfall estimates contain remote
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 3. Mean MAM NOAA daily OLR (in Wm−2) for the four OLR regimes identified. (a) Class 1, (b) Class 2, (c) Class 3 and (d) Class 4. Only
the grid points for which anomalies are significant at the 95% confidence level of a Student’s t-test are displayed.
Table 1. Contingency tables between the four daily OLR classes
from NOAA. The scores (in %) indicated with a star are signifi-
cant at the 99.9% level of 𝜒2 test.
OLR classes Class 1 Class 2 Class 3 Class 4
Class 1 68.05* 05.52 08.56 05.84
Class 2 11.91 74.48* 07.19 09.84
Class 3 09.83 05.64 76.37* 12.24
Class 4 10.21 14.36 07.88 72.08*
Table 2. Numbers of monthly occurrences of the four NOAA
daily OLR classes.
Class 1 Class 2 Class 3 Class 4
March 173 301 308 272
April 194 276 258 292
May 167 250 319 318
Total 534 827 885 882
sensing information from geostationary satellites. Even if
no in-situ data is used in this analysis, OLR and rainfall
estimates may be consequently considered independent.
In this sense, the above patterns suggest that the OLR
clustering successfully isolated regimes associated with
significant day-to-day rainfall variability during the East
African long rains. In order to further document these
relationships, the associated atmospheric circulation
anomalies are investigated through composites of NCEP2
850 hPa moisture fluxes/convergence. As will be shown,
each daily OLR regime is related to distinct large-scale
circulation anomalies, further illustrating a successful
partitioning of daily OLR into recurrent atmospheric
conditions prevailing over the region.
Regimes 1 and 2 are associated with wet conditions
over East Africa and tend to recur more frequently in
April and March, respectively. Given the strong season-
ality of the regional atmospheric circulation from March
to May, Figures 5 a, c and e display moisture fluxes and
convergence anomalies associated with regime 1 for each
month separately, along with the seasonal mean that will
be emphasized. For the MAM season (Figure 5(g)), an
enhanced moisture flux from the northern IO into East
Africa is identified in the equatorial zone. Consistent with
the dipole-like rainfall anomaly pattern associated with
this regime (Figure 4(a)), moisture flux divergence is
generally seen over the MC and western Pacific region.
Regime 2 is characterized by broad easterly moisture flux
anomalies across the IO at equatorial latitudes into East
Africa (Figure 5(h)) with enhanced moisture convergence
anomalies over the region. Similar to regime 1, moisture
flux divergence is again seen over theMCbutwith a pattern
extending westward over the eastern IO. These results cor-
roborate earlier studies that described anomalous inflow
from the Arabian Sea in wet Aprils (Beltrando, 1990).
Similar to Figure 5, Figure 6 presents monthly mois-
ture/fluxes and convergence anomalies but for regimes 3
and 4, the dry regimes in East Africa. Because regime 3
is noticeably the regime associated with the least coherent
rainfall anomalies in East Africa (Figure 4(c)), consistent
with weaker OLR anomalies over the region (Figure 3(c)),
it will be the least discussed in the following. However, a
systematic feature persisting from March to May consists
of westerly moisture flux anomalies across the whole IO at
equatorial latitudes, sustaining local moisture divergence
over coastal regions from southern Tanzania to the Greater
Horn (Figure 6(b), (d) and (f)). Worth noting, the peak of
long rains (in April) is when regime 3 is the most active
(Table 2), a period dominated by internal chaotic atmo-
spheric variations (Ogallo, 1988; Camberlin and Philip-
pon, 2002), which could explain the poor significance of
related rainfall anomalies. Regime 4 features an enhanced
moisture flux divergence over East Africa associated with
an anomalous moisture flux somewhat opposite to regime
2 over the IO (Figure 6(h)). These anomalies, however, are
clearly pronounced only during May (Figure 6(f)), when
regime 4 preferentially develops (Table 2). These find-
ings are consistent with earlier studies reporting stronger
easterlies over equatorial Africa up to mid-tropospheric
levels during dry years and dry spells within the long
rains (Okoola, 1999; Camberlin and Philippon, 2002).
Such timings further suggest that the southerly/westerly
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Figure 4. Mean CHIRPS daily rainfall anomalies for the four daily OLR classes occurrences. (a) Class 1, (b) Class 2, (c) Class 3 and (d) Class 4.
Only the grid points for which anomalies are significant at the 95% confidence level of Student’s t-test are displayed (in mm day−1).
anomalies prevailing along the East African coast/off the
Greater Horn to the northeast over the IO, and sustaining
moisture divergence over East Africa north of the Equa-
tor (Figure 6(h)), can be related to the establishment of the
Somali jet along the East African coast. The end of East
African long rains is thus concomitant with the start of the
Indian monsoon, as described by Vizy and Cook (2003),
Riddle and Cook (2008) and others.
5. Inter-annual variability and the recent decline of
the East African long rains
5.1. Year-to-year variability in daily OLR regimes
frequency
As in earlier studies (Lyon and DeWitt, 2012; Lyon,
2014), we computed MAM East African rainfall indices
for land areas over 10∘S–12∘N; 30∘–52∘E from daily
CHIRPS estimates and monthly GPCC data along with
corresponding anomalies (1980–2009 base period). These
are shown in Figure 7. Rainfall anomalies for individual
months within MAM (Figure 7(a)) display out-of-phase
variability between March, April and May, suggesting dif-
ferent mechanisms between the beginning and the end
of the season. Figure 7(b) presents a longer time-series
for GPCC and Centennial Trends estimates, placing the
recent East African long rains decline in a historical con-
text. As discussed in previous studies (Funk et al., 2008,
2014a; Williams and Funk, 2011; Lyon and DeWitt, 2012;
Hoell and Funk, 2014; Lyon, 2014; Yang et al., 2014),
East Africa has experienced a substantial precipitation
reduction, particularly during the post-1998 period when
the west Pacific has been anomalously warm, and central
regions of the basin are cool (Lyon and DeWitt, 2012;
Funk et al., 2014a; Lyon, 2014). Figure 7(b) illustrates the
intensification of this decline after 1998 likely due to both
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)









50°E 100°E 150°E 160°W 50°E 100°E 150°E 160°W
50°E 100°E 150°E 160°W 50°E 100°E 150°E 160°W
50°E
–10 –5 0 5 10
10 g kg–1 m s–1
100°E 150°E 160°W 50°E 100°E 150°E 160°W





































Figure 5. Monthly (a–f) and seasonal (g, h) mean NCEP2 daily 850 hPa moisture fluxes (vectors in g kg−1 m s−1) and convergence (red/blue shadings
indicating anomalous convergence/divergence in g kg−1 s−1) anomalies for the wet OLR regimes (1 and 2). Only the grid points for which anomalies
are significant at the 95% confidence level of a Student’s t-test are displayed.
the west-central Pacific gradient and PDO-like variabil-
ity as recently demonstrated (Liebmann et al., 2014; Lyon,
2014; Lyon et al., 2014).
Figure 8 displays the differences between the number
of occurrences of each regime (for the MAM season
exclusively) and associated mean values computed for the
30-year climatology. During MAM, mean occurrences
of regimes 1, 2, 3 and 4 are, respectively, about 14, 23,
27 and 28 days, consistent with results from Table 1.
The number of days during which the different regimes
occur varies substantially from one year to another. To
examine how variations in regime occurrence are related
to seasonal rainfall, the five driest/wettest MAM seasons
(1984, 1992, 2000, 2008 and 2009 versus 1981, 1985,
1987, 1989 and 1990, respectively) from Figure 7(a) are
also indicated in Figure 8. All of the wettest years are
found before 1999, along with two of the five driest years
in general agreement with earlier studies reporting the
recent decrease in East African long rains since then (Lyon
and DeWitt, 2012; Lyon, 2014).
Three wet years out of five (1981, 1987 and 1989)
are characterized by an increased number of regime 1
occurrences (Figure 8(a)), while three other years out
of the same set (1981, 1985 and 1989) are associated
with more frequent occurrences of regime 2 (Figure 8(b)).
Moreover, wet years 1981, 1987 and 2000 coincide with a
reduction of dry regimes 3 and 4 occurrences (Figure 8(c)
and (d)). Four of the five driest years (1984, 2000, 2008
and 2009) are related to a decrease in the number of
occurrences of wet regime 1. The dry years of 1984, 1992,
2000 and 2008 (as well as 2011) also show a decrease in
the frequency of occurrences of wet regime 2. Four of the
driest years (1984, 1992, 2000 and 2008) correspond to
increased occurrences of dry regime 3, the 30-year sample
chosen for rainfall compositing, being heavily weighted
by year 2000, associated with strong La Niña conditions.
Increased occurrences of regime 3 in 1999, 2000, 2008 all
coincide with La Niña episodes. Finally, it is found that
the driest years (except 2000), as well as the recent MAM
2011 severe drought, are all related to an almost systematic
increase in dry regime 4 occurrences (Figure 8(d)).
The main durations of episodes associated with the
four regimes are shown in Figure 9 for each year of
the 1979–2013 period. Overall, regimes 1, 2 and 4 do
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 6. Monthly (a–f) and seasonal (g, h) mean NCEP2 daily 850 hPa moisture fluxes (vectors in g kg−1 m s−1) and convergence (red/blue shadings
indicating anomalous convergence/divergence in g kg−1 s−1) for the dry OLR regimes (3 and 4). Only the grid points for which anomalies are
significant at the 95% confidence level of a Student’s t-test are displayed.
not show variations as large as regime 3. The latter is
marked by maximum durations in 1988, 1999, 2000 and
2008, all corresponding to cold phases of ENSO. Inter-
estingly, an increase in regime 3 persistence is noticeable
after 1998–1999, contrasting with a decrease for wet
regime 1.
As expected, the recent decline in East African rainfall
was accompanied by more/less frequent dry/wet regimes
since 1999. Because such regime partitioning is also
valid for the recent 2011 drought, the different regime
relationships to large-scale SSTs will be examined in the
following section, together with their modulations since
1999.
5.2. Relationships to large-scale SSTs
Enhanced occurrences of regime 1 are significantly related
to an SST pattern having a typical El Niño signature in
the Pacific (Figure 10(a)). It is accompanied by a V-like
cooling pattern in the western extratropics of the basin,
similar to the West Pacific Warming Mode (WPWM)
reported by Funk and Hoell (2015), the overall struc-
ture of the anomalies being also consistent with that of
the recent SST changes identified by Lyon and DeWitt
(2012). Such a combination of multi-annual ENSO and
trend component in the west Pacific could thus explain
the strong non-stationarity shown in Figure 8(a) for this
regime. GPCP precipitation composites for regime 1
(Figure 10(b)) display a strong precipitation dipole with
enhanced/reduced rainfall over the central/west Pacific,
while rainfall is also enhanced over the central IO. This
further suggests an increase in the number of occur-
rences of regime 1 during El Niño years. The circulation
anomalies from Figure 5(g) also bear similarities to the
northeast-ward shift of the tropical–temperate trough over
southern Africa/southwest IO, again typical of ENSO
modulations (Vigaud et al., 2007, 2012).
Regime 3 composites (Figure 10(e) and (f)) display
almost opposite anomalous SST and rainfall patterns to
those from regime 1. SST anomalies are less pronounced
for regime 3; nevertheless, changes in the west-central
SST gradient are marked by the strongest and most sig-
nificant loadings across the tropical Pacific, where rainfall
anomalies are also the greatest. The latter consists of
enhanced/reduced precipitation from India to the MC/over
the central Pacific and IO, a pattern similar to La Niña
impacts.
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 7. (a) Mean MAM CHIRPS rainfall standardized anomalies (thick black) averaged over an East African box ([10∘S–12∘N; 30∘–52∘E])
together with these for March, April and May (grey bars) over the 1980–2012 period (in mm day−1); (b) similar plot but for GPCC (grey bars) and
Centennial Trends (black line) rainfall standardized anomalies over the 1901–2010 period (in mm day−1).
Over the Pacific Ocean, regime 2 is associated with an
SST anomaly pattern generally featuring an off-equatorial
signature in the Pacific (Figure 10(c)). Precipitation
anomalies for regime 2 differ from regime 1, showing
enhanced rainfall in the central equatorial Pacific and
reduced drying over the MC. Over the IO, there is more
of an east–west dipole structure (Figure 10(d)).
Finally, Figure 10(g) displays regime 4 patterns of
SST anomalies generally opposite to regime 2, with
significant negative SST anomalies in the North Pacific,
positive anomalies arching from the MC into the extrat-
ropics in both the Northern and Southern Hemispheres.
The related rainfall anomalies (Figure 10(h)), similar
to regime 3, exhibit enhanced rainfall over the MC and
northeast-wards/southeast-wards in the subtropics of both
hemispheres, with a significant reduction in precipitation
over the central Pacific. SST and rainfall anomalies in
the IO for this regime tend to show enhanced anomalies
compared to those found for regime 3. Interestingly, a
similar MC-central Pacific SST gradient to that seen in
Figure 10(e) for regime 3, does not seem to translate into
substantial rainfall anomalies in East Africa (Figure 4(c)).
This suggests that East African rainfall variations in
MAM are sensitive to the specific configuration of SST
anomalies in a nonlinear way. Conversely, different
SST forcing patterns seem to be associated with similar
large-scale rainfall anomalies that consistently and signif-
icantly associate wet/dry conditions in East Africa with
reduced/enhanced rainfall in the eastern equatorial IO
near the MC. Regime 2 further emphasizes the importance
of this east IO rainfall linkage, suppressed east IO rainfall
being concomitant with enhanced precipitation over East
Africa (Figure 10(d)). Such relationships are in agreement
with earlier studies from Funk et al. (2008), who noted
that enhanced convection over the MC is generally associ-
ated with enhanced subsidence over East Africa primarily
driven by west-central Pacific gradients (Williams and
Funk, 2011; Lyon and DeWitt, 2012), results that have
been confirmed by Liebmann et al. (2014) using GCM
experiments.
Except regime 3, all regimes are characterized by sig-
nificant relationships to west-central Pacific SST gradients
in the tropics, while dry regime 4 is also associated with
off-equatorial Pacific SSTs near Hawaii, which are part of
the WPWM (Funk and Hoell, 2015). Finally, Figures 8
and 10 illustrate the fact that the Indo-Pacific convective
structure integrates complex SST signals to ultimately pro-
duce a consistent and persistent drying tendency over East
Africa, as shown in Figure 7.
5.3. The recent shift in East African long rains
To document the recent abrupt shift in East African long
rains since 1999, the number of occurrences of each
regime is shown in Table 3 for the 1988–1998 and
1999–2009 periods together with their differences for
individual months. Table 3 emphasizes substantial changes
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 8. Time series of the differences in number of days spent in each regime during each MAM season compared to the long-term mean. (a) Class
1 , (b) Class 2, (c) Class 3, and (d) Class 4. The +/× symbols indicate the five driest/wettest years, respectively, according to the East African index
from figure 7.



























Figure 9. Mean persistence (in days) of each daily OLR regime by year over the 1979–2013 period.
in the monthly occurrences of each convection regime
for the post-1999 period; the maximum occurrences of
regimes 2 and 4 particularly seem to have shifted from
March to May, while regime 3 became more frequent
in March instead of May before 1999. After 1999, dry
regimes prevail even more significantly at the beginning
and end of the season, which is not the case earlier on,
especially in March. Maximum increases in March and
May could further indicate a shrinking of the seasonal
cycle. Seasonal differences for each regime between the
pre- and post-1999 periods exhibit a reduction in the
occurrence of wet regimes (1 and 2), with more events
related to dry regimes (3 and 4). The time-series presented
in Figure 8(b) and (d) clearly show a shift in 1998–1999
associated with regimes 2 and 4, marked by almost exclu-
sively enhanced/reduced number of occurrences, which
is consistent with an enhancement of the MC-central
Pacific SST gradient (cold–warm/warm–cold) described
earlier. In the case of regime 4, the significant linkage
with enhanced rainfall over the MC further supports its
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 10. Composites of OISST (in ∘C) and GPCP rainfall (in mmday−1) differences for the five largest/smallest number of occurrences of each
daily OLR regime from Figure 8. (a) Class 1 OISST, (b) Class 1 GPCP rainfall, (c) Class 2 OISST, (d) Class 2 GPCP rainfall, (e) Class 3 OISST, (f)
Class 3 GPCP rainfall, (g) Class 4 OISST and (h) Class 4 GPCP rainfall. The black lines indicate scores significant at the 90% confidence level of a
Student’s t-test.
relationship with reduced East African long rains, perhaps
through a Matsuno-Gill-like response (Hoell and Funk,
2014; Liebmann et al., 2014).
Lyon (2014) found that the recent decrease in East
African long rains was expressed in the largest decrease in
April and May, a period during which wet regimes 1 and 2
as well as dry regime 3 are less frequent (−50, −7 and −12
from Table 3, respectively), while dry regime 4 shows the
highest increase (+69). In conclusion, the abrupt decline of
East African long rains after 1999 appears to be related, at
intra-seasonal time scales, to modulations of the seasonal
cycle as seen by significant shifts in prevailing convec-
tion regimes. Less frequent wet regime 1 occurrences in
March–April and the highest frequencies of dry regime
4 in May suggest their respective primary contributions
to regional drying in March–April and May respectively.
The largest seasonal frequency changes for regimes 1 and
3 (Table 3) together with substantial modulations of their
respective persistence, that is, shorter-/longer-lived related
episodes, respectively (Figure 9), further illustrate that
equatorial Pacific SST changes have had a great influence
in the post-1999 shift.
6. Discussion and conclusions
The main objective of this study was to identify
sub-seasonal rainfall patterns linked to variability of
East African rainfall during the MAM season and asso-
ciate them with SST and circulation features. To this end,
daily OLR data was used as a proxy for convection, which
we examined through dynamical clustering (k−means)
applied over the 1979–2013 period. Four dominant OLR
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Table 3. Monthly count and total differences in the numbers of
occurrences of the four NOAA daily OLR classes between the
1984–1998 and 1999–2013 periodsa.
Class 1 Class 2 Class 3 Class 4
1984–1998
March 88 150 98 129
April 110 123 87 130
May 80 99 171 115
1999–2013
March 52 101 196 116
April 78 107 130 135
May 62 108 116 179
1999–2013 minus 1984–1998
March −36 (−11.7) −49 (−17.9) +98 (+34.1) −13 (−4)
April −32 (−11.6) −16 (−5.3) +43 (+12.5) +5 (+1.6)
May −18 (−5.6) +9 (+2.7) −55 (−19.8) +64 (+23.1)
Total −86 −56 +86 +56
aThe changes weighted by the ratio of monthly versus total seasonal
occurrences shown in Table 2 are indicated for each class in brackets.
classes were identified. Regimes associated with wet
conditions in East Africa (regimes 1 and 2) are found to
preferentially occur at the beginning of the season (March
and April) and are associated with low-level easterly wind
anomalies over the IO at equatorial latitudes, a condition
favouring enhanced moisture advection and local conver-
gence. The other two regimes, especially regime 4, are
associated with reduced rainfall over East Africa. Regime
4, related to significant drying, preferentially occurs at the
end of the long rains season (in May) when the Somali jet
is established along the East African coast, feeding in the
Indian monsoon.
Regime 1 is found to be related to SST anomalies rem-
iniscent of El Niño and accompanied by a V-like pat-
tern of negative anomalies in the western extratropics
of the Pacific, similar to the West Pacific Warm Mode
discussed by Funk and Hoell (2015), the overall SST
changes agreeing with the pattern identified by Lyon and
DeWitt (2012). Regime 3 exhibits almost opposite rela-
tionships with SSTs but with less magnitude. Its impact
on East African long rains is weaker than that of regime
4, with rainfall significantly reduced/enhanced in the cen-
tral Pacific/over theMC. These precipitation anomalies are
similar to those from La Niña, whose episodes in 1999,
2000 and 2008 were accompanied by increased frequen-
cies and the persistence of this regime. Regime 2 and 4 gen-
erally display similar but oppositely signed SST anomaly
patterns, particularly in the Pacific, where they show some
similarity to ENSO precursors (Chang et al., 2007) or
perhaps ENSO Modoki, for which the peak warming
is confined to the central equatorial Pacific until boreal
winter instead of propagating to the east (Ashok et al.,
2007).
Overall, the dry regimes are related to almost opposite
SST anomaly patterns in the Indo-Pacific thanwet regimes.
Similar results are found for precipitation anomaly com-
posites for these regimes. In terms of associated circulation
anomalies, wet regimes 1 and 2 generally show enhanced
low-level moisture flux into East Africa associated with
corresponding divergence over the MC with anomalous
easterly (westerly) fluxes across the equatorial Indian
(Pacific) Ocean. Over the west IO, the anomalous easterly
flux for these wet regimes acquires a southerly compo-
nent along the East African coast. Dry regime 3 shows
a generally opposite moisture flux pattern, with southerly
flow off the East African coast and convergence into
the eastern IO rather than the MC. A re-curving south-
easterly flux into East Africa is seen in regime 4, with
equatorial flux convergence further to the east than for
regime 3 in the west Pacific. Regime 4 is of particu-
lar interest because of the recent drying in East Africa.
Most frequent in May, it is associated with the establish-
ment of the Somali jet along the East African coast, act-
ing to enhance moisture divergence locally. The end of
the long rains is thus concomitant with the start of the
Indian monsoon.
In terms of the recent shift in East African rainfall,
the individual daily OLR regimes do not occur with the
same frequency before and after 1999. The number of
occurrences of wet regimes has systematically decreased,
while that of dry regimes has increased, particularly regime
4 during April and May when the largest East African
precipitation declines are observed (Lyon and DeWitt,
2012). Because all regimes are associated with the SST
gradient between the MC and the central Pacific, the
modulations in their frequencies of occurrences can be
related to the recent west Pacific warming/central Pacific
cooling that has affected East African long rains (Lyon
and DeWitt, 2012; Funk et al., 2014a; Lyon, 2014). The
increase in the west Pacific SSTs also has a contribution
from longer-term trends (Hoell and Funk, 2014). In April
andMay, however, while the frequency of regimes 1, 2 and
3 decreased, the number of occurrences of dry regime 4
exhibited the largest increase compared to the pre-1999
time period, with associated episodes being more persis-
tent. These transitions likely combine influences from the
equatorial west and central Pacific (regimes 1, 2 and 4)
and influences from a region near Hawaii (regimes 4),
with the Indo-Pacific Walker circulation producing simi-
lar drought-inducing responses from these quite different
SST forcing patterns. Of particular interest, associations
between warming in the west Pacific subtropics and amore
frequent dry regime 4 inMay suggest that the recent drying
in East Africa is related to an earlier onset of the monsoon
and Somali jet, which is likely triggered by multi-decadal
variability in the Pacific.
In conclusion, the results presented provide a useful
framework to investigate the interactions between various
convection regimes and other modes of atmospheric vari-
ability known to influence East African rainfall at multiple
time scales (e.g. the MJO and the Pacidic Decadal Oscilla-
tion). Such an approach reveals relationships that may con-
tribute to the enhanced predictability of the East African
long rains, possibly on the sub-seasonal time scale when
non-linearities with Pacific and IO SSTs are taken into
account. The next step, which is beyond the scope of this
study, would be to further examine these potentials through
modelling experiments.
© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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